Introduction
Olpidium brassicae, a Chytridiomycete fungus, is a soil-borne obligate parasite that infects plant roots. Resting spores can remain dormant in the soil and are still infective after 20 years (Campbell 1985) , making eradication virtually impossible once the fungus is established. Control is also difficult because O. brassicae infects a range of weed species which can act as reservoirs. Olpidium species have been found to infect many different crop plants including cucumber, lettuce, carrot and brassicas such as broccoli and cabbage (Campbell & Sim 1994) . O. brassicae isolates collected from lettuce and brassica host species have been shown to be morphologically identical (Garrett & Tomlinson 1967) . O. brassicae is described as having stellate resting spores and small, spherical (3μm) zoospores (Campbell & Sim 1994) .
Olpidium spp. are economically important as fungal vectors of several plant viruses (Campbell 1996) . For example, they have been shown to transmit Cucumber necrosis virus, Melon necrotic spot virus, Tobacco necrosis virus and Tobacco stunt virus (TStV) (Campbell 1996) . O. brassicae transmits Mirafiori lettuce big-vein virus (MLBVV) the cause of lettuce big-vein disease (Lot et al. 2002) and Lettuce big-vein associated virus (formerly Lettuce big-vein virus; Kuwata et al. 1983; Huijberts et al. 1990 ) commonly found in plants with lettuce big-vein disease. Big-vein is a common 3 and destructive disease affecting lettuce crops with typical symptoms of vein-banding accompanied by crinkling and distortion of leaves. These symptoms have a major economic impact as they can reduce the proportion of harvestable heads by preventing or delaying head formation and causing a decrease in head size (Ryder 1980; Walsh 1992 ).
Detection of O. brassicae in soil or in the roots of crops or weed species could help in the control of the important viruses transmitted by O. brassicae; testing plants and/or soil could allow the planting of susceptible crops into contaminated soil to be avoided.
Previously, the internal transcribed spacer (ITS) regions, between the 18S, 5.8S and 28S genes, have been shown to be sufficiently variable to distinguish closely related fungal species (Cooke & Duncan 1997) . They also have the potential to distinguish between isolates of the same species from different host plants (Ward & Adams 1998) . Prior to our release of ITS sequence information on O. brassicae of worldwide provenance and from a number of host species (GenBank accession numbers AY373011, AY373013, AY373012, AY373015 and AY373014) in 2004, there was only information available on one isolate (Ward & Adams 1998) originating from lettuce in the USA. Subsequently further sequences have been published (James et al. 2006; Sasaya & Konganezawa 2006) on isolates from a range of hosts, but, with one exception, all were from Japan. This paper describes the genetic variation between the ITS regions of Olpidium isolates with different virus transmission specificities obtained from different host plants and different geographical regions and compares this with published data and also describes host plant specificities.
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Materials and methods
Fungal isolates and propagation
Olpidium isolates present in the roots of different host plants were collected over several years from many different locations. The geographical and host origins of each Olpidium isolate are summarised in Table 1. Lettuce (Lactuca sativa) cultivar Little Gem, broccoli (Brassica oleracea) cultivar Marathon and carrot (Daucus carota) cultivar Autumn King seeds were sown in vermiculite. Seven days after sowing, seedlings were transferred into trays filled with nutrient solution (Walsh 1994) . After a further seven days, seedlings were inoculated by placing dried Olpidium-infected roots into the nutrient solution, or by placing an infected live host plant into the tray of uninfected plants. Seedlings were maintained in the nutrient solution until four weeks after inoculation after which the roots were prepared for zoospore extraction.
Host range tests and microscopy
The Olpidium isolates used during this study were tested for their ability to infect different plant species other than their original host. Lettuce, broccoli, carrot and cucumber seedlings were grown in trays as described above and exposed to different Olpidium isolates by placing infected host plants into the trays. Four weeks after exposure to Olpidium, plant roots were examined for Olpidium infection under a light microscope. A minimum of five plants each of lettuce, broccoli, carrot and cucumber were tested with the respective Olpidium isolates on each occasion and tests were repeated up to four times.
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Zoospore production and DNA isolation Plant roots were inspected under the microscope to verify infection with O. brassicae.
If infection (i.e. presence of resting spores and/or zoosporangia) was observed in the roots, plants were removed from nutrient cultures and stored at 4ºC for four days in plastic bags. The roots were then placed in distilled water containing 10g l -1 sucrose and 0.05 M glycine (Teakle & Gold 1964) , at 4 o C for one hour for zoospore release.
After removal of plants, the solution was filtered through two layers of soft muslin and one sheet of filter paper (Whatman, No. 4) to remove large debris and centrifuged at 400g at 4 o C for 10 minutes. The supernatant was decanted and the pellet resuspended in sterile distilled water. The number of zoospores present in the pellet was quantified using a haemacytometer. Zoospores were lysed and genomic DNA was isolated using a plant DNA extraction kit (DNeasy, Qiagen, Crawley, UK).
PCR and sequencing of the ITS regions
PCR products were amplified following the conditions described by White et al. (1990) from genomic zoospore DNA using their primers NS7 (5'-GAGGCAATAACAGGTCTGTGATGC-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') which amplify a product of approximately 1kb
including both the ITS1 and ITS2 regions. At least two independent PCR amplifications were carried out on DNA from each Olpidium isolate. Amplification of DNA from most isolates produced a single band of approximately 1Kb. Single bands were then cut from agarose gels and the DNA was extracted using a gel 6 extraction kit (Qiagen, Crawley, UK) and sequenced. The NS7 and ITS4 primers were used to sequence both strands of each PCR product. Additionally, amplification and sequence information were obtained with the primers ITS1 (5'-TCCGTAGGTGAACCTGCGG-3'; White et al. 1990 ) and ITS6R (5'-GCTTAAGTTCAGCGGGTAATCCTAC-3') for isolates where either NS7 and/or ITS4 failed to produce product/sequence. The latter primer was designed based on the published sequence of O. brassicae (Ward & Adams 1998) . Sequencing was performed using BigDye dideoxy terminator chemistry (Applied Biosystems, USA)
and an ABI 3100 automatic sequencing machine (Applied Biosystems, USA).
ITS1 and ITS2 sequence analysis
Similarities between the Olpidium sequences obtained and other sequences in the GenBank database were sought using BLASTN (Altschul et al. 1997) . ITS sequences from Olpidium isolates GBR1, NLD4, ITA1, GBR7 and GBR10 (accession numbers AY373011, AY373013, AY373012, AY373015 and AY373014 respectively) have been deposited in the GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/).
Sequences were initially aligned using the program Seqman (DNAStar Inc., USA).
Phylogenetic analysis
The nucleotide sequences of the ITS regions of the 25 O. brassicae isolates sequenced (Table 1) , Y12830 (Ward & Adams 1998) , AY997067 (James et al. 2006 ) and the 11
Japanese isolates (Sasaya & Konganezawa 2006) were aligned using ClustalX (Thompson et al. 1997) . Sequential analyses were then performed using the PHYLIP 7 programs DNADIST, DNAPARS (Felsenstein 1995) and fastDNAML (Olsen et al. 1994 ). NJPlot (Perrière & Gouy 1996) was used to visualise phylogenetic trees. The sequence of Rhizopus oryzae (GQ220706) was used as an out-group. Branch support was assessed by bootstrapping using 1000 random resamples. Full-length sequences of all the PCR products (comprising the entire ITS1-5.8S-ITS2 region and associated available 18S sequence) were compared to sequence databases using the megaBLAST facility at http://www.ncbi.nlm.nih.gov/blast (Zhang et al. 2000) . The length of 18S sequence available for different Olpidium isolates varied and hence was not compatible with the phylogenetic analysis. Consequently, only the ITS1-5.8S-ITS2
region (complete for all our isolates) was used for further comparisons.
Results
Sequence analysis of the ITS regions
PCR products of approximately 1kb were obtained from the genomic DNA of each isolate using the primers NS7 and ITS4. These primers did not amplify a product from all isolates; in such instances NS7 and ITS6R were used. On occasions where zoospore numbers were low and/or not free of host material, NS7 and ITS4 amplified host plant DNA from lettuce, carrot and cucumber. These products were approximately 1kb in size and sequence analysis revealed very high identity to respective host plant sequences.
The partial 18S sequences obtained with the NS7 and ITS4 primers were identical for all isolates and were not used in the analyses. Comparisons of the ITS and 5.8S RNA 8 nucleotide sequences from all of the O. brassicae isolates infecting lettuce, brassicas, carrot and cucumber showed that some were identical. The sequences were identical for the four brassica-infecting isolates (GBR4, GBR5, GBR7 and GBR8), consequently GBR7 (AY373015) was used as representative of this group. The sequences of 16 lettuce isolates (AUS1, AUS2, BEL1, CHL1, DEU1, ESP1, ESP2, FRA5, GBR1, GBR2, JPN1, NLD1, NLD2, PRT1, PRT2 and USA2) and the carrot isolate (GBR3) were also identical to each other (GBR1 used as representative, AY373011). Two other lettuce isolates (ITA1 and NLD3; ITA1 used as representative, AY373012) had identical sequences to each other, but were different to all other lettuce isolates. In terms of the Olpidium isolates we studied, sequences of the NLD4 isolate (AY373013) from lettuce and GBR10 (AY373014) from cucumber were unique, however the latter was identical to that of a partial sequence of O.
brassicae from the AFTOL study (James et al. 2006) . The AFTOL O. brassicae was isolate SS218, T.D. James (personal communication) which originated from melon in France (Campbell & Sim 1994 ). An alignment of the five different DNA sequences of the ITS1 and ITS2 regions and 5.8S gene is shown in Fig 1. The 5.8S sequences of our O. brassicae isolates was defined based on that published in the AFTOL study (James et al. 2006 ) and the ITS1 and ITS2 regions identified relative to the 5.8S
sequence and the primers. The 5.8S sequence was 155 bp in size for all our isolates. (James et al. 2006) , indicated that all the isolates in our study were more closely associated with the O. brassicae isolate (AFTOL ID 633) than any of these fungal species. The AFTOL study (James et al. 2006 ) based on six gene regions indicated that Olpidium isolates are more closely related to a member of the Zygomycota (Basidiobolus ranarum) than the non-monophyletic Chytridiomycota.
Phylogenetic analysis
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The phylogenetic tree of our Olpidium sequences combined with other available sequences ( Fig. 2) Holland and ITA1 from Italy) and the final branch comprised our cucumber isolate (GBR10) and the melon isolate from the AFTOL study (James et al. 2006) .
Isolate host specificity
The host ranges of the 25 Olpidium isolates tested are shown in Tomlinson and Thomas (1986) . They observed elongated zoospores and the honeycomb-like endospore wall structure as described by Lange and Insunza (1977) . O. radicale was subsequently renamed as O. bornovanus by Campbell and Sim (1994) . During our study, we observed that this isolate, which definitely infected cucumber, had spherical zoospores and stellate resting spores identical to those of the O. brassicae isolates from lettuce, brassica and carrot. The ITS-5.8S analysis also showed that the cucumber-infecting and the AFTOL 633 melon O. brassicae isolates were identical and phylogenetically distinct from the lettuce-and brassica-infecting isolates of O. brassicae. Sasaya and Koganezawa (2006) reported that the ITS region of O. bornovanus was 1137bp, almost twice the size of those of the crucifer and other non-crucifer infecting Olpidium isolates, further supporting the identity of our cucumber-infecting isolate as O. brassicae rather than O. bornovanus. Additionally, electron micrographs taken of the zoospores of the cucumber isolate during the 1980s
showed spherical, not elongated zoospores. Consequently we conclude that the 12 cucumber isolate of Tomlinson and Thomas (1986) is O. brassicae and not O.
bornovanus.
Our sequence analysis of the ITS regions of 25 isolates of O. brassicae has provided useful additional information to that published previously (Ward & Adams, 1998; Sasaya & Koganezawa, 2006; James et al. 2006) . Our analyses along with the results from our host range experiments have confirmed that lettuce-infecting isolates are distinct from brassica-infecting isolates and the two groups should be classified as two distinct species. Sahtiyanci (1962) 
divided crucifer-infecting and lettuce-infecting
Olpidium isolates in to two distinct species, Pleotrachelus brassicae and P. virulentus respectively. The genus name given by Sahtiyanci has not been adopted, although Sasaya and Koganezawa (2006) O. brassicae has such a specialised obligately parasitic life-cycle and host ranges may not overlap significantly. The significant differences between the sequences of our brassica isolates and the Japanese brassica isolates and between most of our lettuce isolates and most of the Japanese lettuce and tobacco isolates suggests early geographic spread and isolation. The presence of one Japanese lettuce isolate in our major lettuce group and clustering of our Dutch and Italian lettuce isolates with the Japanese lettuce and tobacco isolates indicates that there has also been more recent geographic spread.
The ITS regions of some fungi have been shown to be highly variable. For example, Colletotrichum lindemuthianum (Balardin et al. 1999) and Fusarium oxysporum (Duggal et al. 1997) have highly variable ITS regions within species. However, other fungi have very conserved ITS regions within species such as Phytophthora pseudosyringae (Jung et al. 2003) and Coniothyrium minitans (Muthumeenakshi et al. 2001 Although there is a difference in host plant specificity between the Olpidium isolate from carrot and all the lettuce-infecting isolates in our study (none of the lettuce isolates infected carrot, whereas the carrot isolate infected lettuce and carrot) their ITS1-5.8S-ITS2 sequences were identical. In this instance and any other similar situations, other regions of the Olpidium genome will need sequencing in order to develop molecular tests capable of discriminating between the host specific groups.
The only sequences currently available from other regions of the Olpidium genome are the 28S elongation factor 1-alpha and two RNA polymerase II subunits for a single isolate (James et al. 2006) .
With the limited information on the virus vectoring specificities of the Olpidium isolates we sequenced, it is dangerous to speculate on correlations with ITS sequences. Sasaya and Koganezawa (2006) showed that non-crucifer infecting
Olpidium isolates transmitted MLBVV and TStV, whereas crucifer infecting Olpidium isolates did not transmit these viruses. They also showed those isolates from 15 lettuce tended to efficiently transmit MLBVV, but not TStV and those from tobacco efficiently transmitted TStV, but not MLBVV. As some of their lettuce isolates had 100% ITS homology with one of the tobacco isolates, this suggests there is no meaningful relationship between ITS sequences and virus-vectoring specificities.
Further research is needed on the virus-vectoring specificities of some Olpidium isolates in order to determine the commercial importance of discrimination between host-specific groups, for example it is not known whether the O. brassicae isolate from carrot which infects lettuce, is capable of transmitting lettuce viruses.
ITS and 5.8S sequence comparisons have highlighted the fact that lettuce-infecting, brassica-infecting and a cucurbit-infecting isolates of O. brassicae are different from each other and phylogenetic analysis has shown that there are distinct genetic branches within the brassica-and lettuce-infecting groupings, but also that O.
brassicae isolates are more closely related to each other, than to any other species. It has also revealed geographic groupings and provided an insight in to spread and geographic isolation of Olpidium.
